Four pilot-scale single-stage vertical flow filters (of 2.25m² each), treating raw domestic 16 sewage, were studied over 20 months in order to assess the impact of different designs 17 and operational conditions on treatment efficiency.
I) Introduction

32
Constructed wetlands (CWs) for wastewater treatment met an increasing worldwide 33 interest during the past three decades because of their performances, low investment and 34 operational costs and their environmental friendly image. Moreover, this technique is 35 efficient to treat various kinds of effluents such as domestic wastewater, industrial 36 wastewater or combined sewer overflows, etc. (Ávila et al., 2013; Wu et al., 2015; 37 Meyer et al., 2013) . 38
The classical design of "French CW systems" treating raw domestic wastewater (Molle 39 et al., 2005) consists of two vertical flow constructed wetland (VFCWs) stages 40 operating in a sequential mode of feeding and rest periods (3.5 days and 7 days, 41 respectively). The first stage (1.2 m²/population equivalent), composed of three parallel 42 implemented above the 15-cm-deep drainage layer which was composed of 20-50 mm 89 cobbles as shown in Figure 1 . 90
The pilots were operated outdoors on an experimental site located at the site of a 91 domestic wastewater treatment plant (Jonquerettes, south east of France). This facility 92 allowed us to assess the performance of VFCWs for the treatment of real raw domestic 93 wastewater screened at 20 mm under Mediterranean climate. 94 A sludge deposit layer was progressively formed at the surface of the filters by 95 accumulation of filtered particles (up to a thickness of 3cm at the end of the monitoring 96 period). The pilots were planted in September 2013 with one year old plantlets of 97
Phragmites australis at a density of 6 plants.m -². According to French guidelines, the 98 pilots were fed for 3.5 days and rested for 7 days. During the feeding periods, 18 99 batches of 2 cm were applied daily (2 m 3 .h -1 ), except for the high load pilot VFHL 100 where 32 batches a day were applied which was considered as the highest acceptable 101 hydraulic load based on full-scale observations. The monitoring started after a 102 commissioning period of five months which was meant to allow for the establishment of 103 microorganisms and reeds. 
Preliminary validation of reference pilot 114
A preliminary step of validation of the reference unit was required to verify whether the 115 treatment performance of the VFSt was in the range of those usually observed at full-116 scale 1 st stages of a classical French VFCW. For that purpose, inlet and outlet 117 8 concentrations of the VFSt were compared with a set of data collected from three full-118 scale treatment plants with the same design (part of data from Morvannou et al., 2015) . 119
The inflow of each pilot was also compared in order to confirm that they received the 120 same wastewater during the study so that their performance could be compared. 121
Experimental monitoring of the pilots 122
The inlet and outlet water concentrations were assessed for the first and the last day of 123 the feeding periods using refrigerated samplers (Ponsel, ISCO 4700 and Hach, Bühler 124 2000) . 24-hour flow-weighted composite samples were taken from the outlet while, for 125 the inlet, 24-hour composite samples were obtained from one grab sample per batch. 126
Intermediate 24-hour composite samples were taken from different depths (see Table 1 ) 127 and analysed. Pore water was collected during infiltration by PVC gutters (9 cm and 30 128 cm of width and length, respectively), located at different depths within the filtration 129 layer, and then stored into pre-acidified 25L polyethylene containers. Each pilot was 130 evaluated for total and dissolved COD (COD tot and COD d , respectively), TSS, NH 4 -N, 131 NO 3 -N and CaCO 3 using quick method tests (Hach). 132
Online measurements were also carried out for continuous monitoring of hydraulic and 133 treatment performance dynamics. Inlet flows were determined using an electromagnetic 134 flowmeter (Siemens, SITRANS MAG 5100W) whereas outlet flows were measured 135 with ultrasonic probes (Pil, P43-F4V-2D1-D0-330E) by the rise of the level of effluent 136 drained into a collecting tank. Nitrogen concentrations were 137 continuously monitored at the inlet and the outlet of each pilot at time intervals of 15 138 and 2 minutes, respectively, using ion selective electrodes (AN-ISE, Hach) . 139
The monitored data were used to compare the performance of pilots. For this purpose, 140 9 removal rates were calculated on mass basis considering the measured concentrations 141 and the inlet volumetric flows. 142
Statistical analysis 143
Experimental results were statistically analysed using R software. Kruskal Wallis tests 144 were carried out on the full set of data, in order to validate that all pilots received the 145 same influent, while Wilcoxon and Student tests were used for pair-wise comparison of 146 each pilot with the reference unit. Significant difference was established at p-value ≤ 147 0.05. 148 suggesting that heterotrophic community can colonize deeper zones of filtration. This 210 different depth profile with gravel may be explained by the fact that the gravels used in 211
III) Results and Discussions
Olsson's work were coarser than in this study (4/8 mm and 2/6 mm, respectively) and 212 the influent was pre-treated in a settling tank. In our study, the infiltration rate was thus 213 probably lower. The similar depth profile between our study and the sand VFCW Knowing the cationic exchange capacities of zeolite (Erdoğan and Ülkü, 2011; 285 Malekian et al., 2011; Huang et al., 2010; Ivanova et al., 2010) , we can observe that 286 adsorption process was not efficient with the design used for VFZ. Since regeneration 287 of sorption sites was expected to occur through nitrification of ammonium during the 288 resting period, the progressive fouling of the media may not fully explain this lack of 289 efficiency. The alkalinity concentrations and the pH values measured in VFZ effluent 290 were favourable for nitrification (284 mg/L and 7.5, respectively). However, Figure 9b by the implementation of large amount of chabazite (almost five times the amount in 297 this study) with short contact time (2 minutes). It should be thus possible to improve the 298 ammonium removal by increasing the zeolite fraction of the filtration layer. 299
It is also known from kinetic studies, carried out under static conditions for different 300 contact times, that sorption increases with contact time until an equilibrium is reached 301 (Huang et al., 2010; Wen et al., 2006) . Therefore, limiting the outflow rate may be one 302 possible option to improve the effect of zeolite by increasing contact time without 303 adding more zeolite. (from 59% to 44% and from 62% to 44%, respectively) because of the shorter contact 319 time as well as lower oxygen renewal within the filter. 320
The lower removal of COD d and ammonium observed when decreasing the surface of 321 the 1st stage may be partly counterbalanced by the implementation of deeper filtration 322 layer. Ammonium removal was actually raised from 62% to 81% and COD d removal 323 was improved from 59% to 66% when filtration depth increased from 40 cm to 100 cm. 324
Nevertheless, the relation between gain of performance and depth of filtration was low, 325 especially when the filtration layer was deeper than 60 cm since the microbial 326 community was mainly located in the upper part of the filtration layer. In addition, a 327 deeper filtration layer enabled to maintain a more constant efficiency which might be 328 valuable when fluctuation of performance is observed (i.e. when temperature variations, 329 over year, are wide). 330 21 Furthermore, despite its theoretical ion exchange capacity, zeolite implementation in the 331 filtration layer did not allow to reach the expected improvement of ammonium removal 332 for the assessed characteristics of design and operation. Higher zeolite content might 333 provide different conclusions but would result in prohibitive extra-costs (zeolite was 334 almost 5 times more expensive than gravel). The implementation of such reactive 335 material, as suitable alternative to intensification, should not be further considered 336 unless the operation conditions allowed the optimal use of exchange capacity. Further 337 studies are thus necessary to determine the best design and operational conditions for its 338 efficient use. 339
In conclusion, it seems difficult to reach low discharge levels with a single stage of 340 VFCW treating domestic wastewater. However, surface requirements may be reduced to 341 0.25 m²/p.e./bed if a second stage ensures the final treatment of remaining pollution and 342 if filtration depth is also used as an adjustment parameter. 343 V)
